Iron is an essential element for many biological processes and is not readily available to pathogenic bacteria in the environment of the host (31) . Pathogenic bacteria of the families Neisseriaceae and Pasteurellaceae acquire iron by a receptormediated interaction at the bacterial cell surface with the host iron-binding proteins, transferrin (Tf) and lactoferrin (Lf). Recent studies have demonstrated that these surface receptors are essential for survival in vivo in humans (11) , indicating that these proteins are potential targets for the development of vaccines and therapeutic agents.
Tf and Lf proteins comprise a family of related, bilobed, monomeric glycoproteins that sequester iron to the extent that levels of free iron are insufficient to support growth. The main function of Tf is the transport of Fe 3ϩ through the body to cells requiring iron. The iron is transported to the cytosol by receptor-mediated endocytosis (20) . Lf is mainly found on mucosal surfaces, where it is thought to play a role in scavenging iron (1) .
The two lobes of Tf and Lf are almost identical in overall structure. Each lobe in turn is made up of two equally sized domains that are connected by a central hinge region. A cleft located between the domains in each lobe serves as the binding site for the metal ion and a carbonate anion (5, 17) . Each lobe of Tf is able to bind one molecule of Fe 3ϩ , with a binding constant of about 10 20 . Due to the high binding affinity and a normal state of 30% iron saturation, it is a very effective ironscavenging protein in serum. The spare iron-binding capacity is crucial to sequester any free iron that may be released from lysed cells or freed as a result of infection (31) .
With one exception (28) , the Tf receptor in members of the families Neisseriaceae and Pasteurellaceae consists of two ironrepressible outer membrane proteins, Tf-binding proteins A and B (TbpA and TbpB). TbpA is an integral outer membrane protein that is thought to serve as a channel for the transport of iron across the outer membrane in a TonB-dependent fashion (15) . TbpA is required for the utilization of iron from Tf, but either of the binding proteins (TbpA or TbpB) can bind iron-loaded Tf (4, 29) . TbpA is relatively well conserved in amino acid sequence, at least within a bacterial species (9, 27) .
TbpA is a homologue of the transmembrane siderophore receptors FhuA and FepA, for which the structures have been determined (6, 12, 24) . The structures consist of 22 antiparallel ␤ strands that form a barrel or pore through the outer membrane; the amino terminus of the protein forms a plug in the center of the barrel. These structures have been used as a basis for the development of a topology model for TbpA (26) . A pentameric sequence called a TonB box is present in the plug region of FhuA, FepA, and TbpA (6, 12, 19) . This sequence is thought to be the point of protein interaction for periplasmic protein TonB, which transduces energy from the inner to the outer membrane, thus allowing molecules like iron to move against their concentration gradient into the cell (19, 22) .
TbpB is a peripheral outer membrane lipoprotein anchored to the membrane by N-terminally linked fatty acids (15) and is largely exposed to the extracellular environment. Alignments of the predicted amino acid sequences of TbpB proteins from different organisms show several regions of homology between the N-and C-terminal halves of the proteins (35) . This homology is present in spite of the variable sequences and sizes of the TbpB proteins, with molecular masses ranging from about 65 kDa to more than 85 kDa (10, 21, 37) . The homology between the protein halves suggests that TbpB may have a bilobed structure analogous to that of Tf, a notion which is supported by the ability to produce separate recombinant lobes capable of binding Tf (32, 35) . Overlapping peptide libraries of the N lobe and the C lobe of human Tf (hTf) have shown that sequentially homologous peptides in each of the hTf libraries bind both the N-and the C-terminal lobes of TbpB proteins from the human pathogens Moraxella catarrhalis and Neisseria meningitidis, confirming that they are functional homologues (35) .
The Tf-TbpB interaction involves two lobe-lobe interactions that appear to be similar (35) . Although the precise nature of the lobe-lobe interactions in the receptor-ligand complex has not been experimentally established, the evidence suggests that the TbpB N lobe may bind to the hTf C lobe and, thus, the TbpB C lobe would be expected to bind to the hTf N lobe. A recombinant TbpB N lobe from the human pathogens M. catarrhalis and N. meningitidis preferentially binds to chimeric proteins containing the C lobe and not the N lobe of hTf (35) . Unfortunately, the limited binding activity of the TbpB C-lobe preparations precluded determining which hTf lobe was preferentially bound. Since the C lobe of Tf is preferentially recognized by TbpA (2, 3, 42) , it likely is proximal to the outer membrane and would be positioned appropriately to interact with the membrane-anchored N lobe of TbpB.
The similarities of the lobe-lobe interactions combined with the complexity of the overall interaction between the intact proteins potentially complicate studies aimed at further delineation of the interaction. Thus, we decided to focus on individual lobe-lobe interactions to simplify the analysis. In this study, the interaction between the TbpB N lobe from the human pathogen M. catarrhalis and the hTf C lobe is investigated.
MATERIALS AND METHODS
Bacterial strains and plasmids. Protein expression was carried out in Escherichia coli strain ER2507 (801-J) or ER2508 (801-K) from New England BioLabs. These strains contain a deletion in the malE gene and thus do not produce native maltose-binding protein (MBP). Strain ER2508 (801-K) also contains a Lon protease mutation and was used for expressing the truncations encoded by segment 1 (no binding regions) and by segments 1 and 2 (binding region 1 only), due to reduced degradation of the truncated proteins during storage. All cloning and expression steps were carried out with the pMal-c2 plasmid (New England BioLabs), which provides in-frame fusions with the malE gene. E. coli cells containing the plasmids were maintained on Luria-Bertani medium (Gibco BRL) containing 100 g of ampicillin (Sigma) ml Ϫ1 . The expression of MBP or the MBP fusion proteins was induced by the addition of 200 M isopropyl-␤-Dthiogalactoside (IPTG) to the medium and incubation for 3 h at 37°C before harvest.
Construction of overlapping peptide libraries. Generation of the overlapping peptide libraries representing hTf or the TbpB N-lobe regions from different bacteria was carried out by the SPOTSCAN method (Genosys Biotechnologies) (13) . Essentially, the library consisted of 15-amino-acid linear peptides that were immobilized on cellulose membranes by 9-fluorenylmethoxy carbonyl amino acid-based synthesis.
One membrane was used to generate a library of the C lobe of hTf consisting of 96 15-amino-acid peptides with an 11-amino-acid overlap. The overlapping hTf peptide represented amino acids 285 to 679 of the intact hTf protein (GenBank accession number NP_001054). The first peptide library representing the TbpB N lobe from M. catarrhalis 4223 (GenBank accession number AAC34277) consisted of 32 15-amino-acid peptides with a 4-amino-acid overlap and included N-lobe amino acids 12 to 421. The amino acid numbers refer to the amino acids in the predicted mature, processed protein (i.e., the N-terminal cysteine is amino acid 1). The second peptide library representing M. catarrhalis 4223 TbpB N-lobe peptides included amino acids 27 to 421 but with an 11-amino-acid overlap.
Production of proteins. TbpB truncations were generated by PCR-based cloning into the pMal expression system (New England BioLabs) as described previously (33) . Essentially, amplified tbpB gene segments were subcloned into the pMal-c2 expression vector to generate in-frame fusions with the malE gene. Intact M. catarrhalis 4223 TbpB consisted of amino acids 3 to 680, where 1 represents the N-terminal cysteine of the mature processed protein. Amino acids 1 and 2 from the mature protein were removed to ease cloning and subsequent expression. The N-terminal half of this protein consisted of amino acids 3 to 421. The truncated TbpB proteins were expressed as MBP fusions in E. coli ER2507 or ER2508 (for segment 1 or segments 1 and 2, respectively) and purified by amylose affinity chromatography.
Two different methods for labeling proteins for library screening were used. Iron-loaded hTf (Sigma) was labeled by chemical cross-linking (by using 3-maleimidobenzoic acid-N-hydroxysuccinimide ester) to a beta-galactosidase (␤-Gal) reporter enzyme as described elsewhere (18) . This construct was used as a probe for colorimetric detection on the composite peptide library. The second method involved conjugating the truncations of the N lobe of TbpB from M. catarrhalis 4223 to horseradish peroxidase (HRP). HRP-conjugated proteins can be detected by chemiluminescence, providing a more sensitive screen. The truncations were conjugated to HRP by using a Linx HRP rapid protein conjugation kit (Invitrogen). The labeled fusion proteins were then used as probes for chemiluminescence detection.
In addition, HRP-conjugated hTf (Jackson ImmunoResearch) was used to probe the M. catarrhalis TbpB N-lobe peptide library.
Screening of peptide libraries. Binding experiments with hTf and the first peptide library were carried out by the colorimetric method (Genosys Biotechnologies). Essentially, hTf in blocking solution consisting of 10% blocking buffer (Genosys Biotechnologies), 50 mg of sucrose/ml, and T-TBS (0.137 M NaCl, 2.68 mM KCl, 50.4 mM Tris base, 0.05% Tween 20 [pH 8.0]) was incubated with the membrane containing the peptide library for 4 h at room temperature. The membrane was then washed sequentially in T-TBS and phosphate-buffered saline before detection of bound beta-galactosidase by using 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal). Positive binding was determined by the development of a blue spot.
The membrane was then regenerated by the following sequence of washes for 10 min each at room temperature on a rocking table: three changes of 20 ml of double-distilled H 2 O (ddH 2 O); three changes of 20 ml of N,N-dimethylformamide (Sigma); two changes of ddH 2 O; three changes of regeneration buffer A (8.0 M urea, 1% sodium dodecyl sulfate [SDS], 0.1% 2-mercaptoethanol); and three changes of regeneration buffer B (50% ethanol and 10% acetic acid in ddH 2 O). Finally, the membrane was washed with two changes of 20 ml of methanol, allowed to air dry, and stored at Ϫ20°C. The same membrane could be reused up to five times if the regeneration protocol was followed carefully.
For increased sensitivity, the TbpB N-lobe truncations from M. catarrhalis were conjugated to HRP for the production and detection of a chemiluminescent product. The membrane was rinsed with methanol and washed with three changes (5 min each) of TBS (0.137 M NaCl, 2.68 mM KCl, 50.4 mM Tris base [pH 8.0]) on a rocking platform. The membrane was blocked by rocking at room temperature in blocking solution consisting of 20 ml of 0.5% skim milk powder (Bio-Rad) in TBS for 2.5 h. The membrane was washed three times with T-TBS before being incubated with one of the HRP-conjugated truncations diluted 1:1,000 in skim milk blocking solution for 4 h at room temperature. The membrane was then washed again three times with T-TBS, drained, and incubated with 10 ml of Lumiglo mixture (Kirkegaard & Perry Laboratories) for 5 min. It was then exposed to X-Omat Blue XB-1 X-ray film (Kodak) for at least 30 s before development. Positive peptides showed up as dark spots on a light background.
The membrane was regenerated and stored for reuse as described above.
RESULTS

Identification of hTf-binding peptides in the TbpB N lobe of M. catarrhalis.
A prior study demonstrated that at least six regions on each hTf lobe bound to TbpB proteins from N. meningitidis and M. catarrhalis (34) . This finding infers that each lobe of TbpB should possess six complementary binding regions. Thus, a strategy for demonstrating these binding determinants was adopted and included (i) identification of hTfbinding peptides by probing peptide libraries from the TbpB N lobe and (ii) generating TbpB N-lobe truncations lacking the identified peptides to demonstrate loss of binding to peptides in the hTf library. M. catarrhalis was selected for our experiments since recombinant TbpB proteins and TbpB subfragments (lobes) from this species were the most stable and retained the strongest binding activity (data not shown).
Initially, an overlapping peptide library representing the TbpB N lobe of M. catarrhalis was prepared and probed for binding to labeled hTf. This library comprised 32 15-mer peptides with a 4-amino-acid overlap representing amino acids 12 to 421 of mature M. catarrhalis TbpB. The library was screened for binding to ␤-Gal-conjugated hTf (␤-Gal-hTf), and a number of peptides positive for binding were detected with various intensities of colored products (Fig. 1 ). Three strongly positive peptides (80, 90, and 92), two moderately positive peptides (65 and 83), and one weakly positive peptide (85) were identified and represented the six binding peptides (Table 1) for our truncation analysis (see below). As a negative control, the library was screened with ␤-Gal alone to demonstrate that the reactivity of the peptides recognized by labeled hTf (Fig. 1 ) was due to the binding of hTf.
To confirm and refine the identification of the binding regions, a second overlapping TbpB N-lobe peptide library was prepared and probed with HRP-conjugated hTf. The use of an HRP conjugate allowed more sensitive detection of a chemiluminescent product. The second library consisted of 96 15-amino-acid peptides with an 11-amino-acid overlap representing amino acids 23 to 421 of mature M. catarrhalis TbpB. The greater degree of overlap and the use of the more sensitive chemiluminescence detection method increased the chance of detecting binding peptides. Thus, a total of 11 binding peptides were detected in this peptide library, compared to the 6 binding peptides that were identified in the first library (Table 1) . None of these peptides was detected when the library was screened with HRP alone. This second library revealed the same six binding regions as the first library but included overlapping peptides for several regions.
The availability of overlapping positive peptides allowed further definition of the binding determinants, since the common amino acid sequence could be implicated as the recognition sequence (Table 1) . Thus, binding region 6, represented by two overlapping peptides in the second library, shared a hendecapeptide (YDIDANIHGNR) and, by inclusion of the peptide recognized in the first library, an octapeptide (DANIHGNR) could be implicated as the binding region. Similarly, binding region 3, which is represented by three adjacent overlapping peptides in the second library, tentatively identified a heptapeptide (DFMTDVA) sequence which overlapped a hexapeptide sequence (FMTDVA) identified in the first library.
Three of the binding regions (binding regions 1, 2, and 4; Table 1 ) were represented by a single peptide from both libraries. Since adjacent peptides in the second library contain 11 of 15 amino acids in common, it is unlikely that the lack of binding to the neighboring peptides is solely due to the absence of the amino acids directly involved in the binding interaction. Rather, we suggest that conformational or structural features of the peptides were also important for detectable binding. For two of the regions (binding regions 1 and 2; Table 1 ), binding peptides from the composite library effectively provided adjacent peptides with a greater degree of overlap (14 of 15 for segment 1 and 12 of 15 for segment 2) and thus provided a minor refinement in localizing the binding determinants. The binding peptide from the first peptide library for binding region 4 provided less overlap (6 of 15) yet retained binding activity, for unknown reasons.
Production of truncations in the TbpB N lobe of M. catarrhalis. The binding peptides listed in Table 1 were identified by binding to labeled hTf and, by inference, would be expected to interact with one of the TbpB-binding peptides identified in the hTf peptide libraries (35) . To provide direct evidence for this interaction, one strategy was to eliminate a putative binding determinant from TbpB and to determine whether it resulted in a loss of reactivity with one of the TbpB-binding peptides from hTf. The approach that we adopted was to generate a series of truncations of the TbpB N lobe that sequentially eliminated the segments of TbpB containing hTfbinding determinants and to use the truncated proteins to probe the hTf peptide libraries. Although producing site-directed mutants of the TbpB N lobe was another alternative, it would have required preparation of a large number of mutants due to the lengths of the identified peptide regions.
To plan the truncation experiments, we divided the N lobe of M. catarrhalis into seven segments with the identified binding peptides at their junctions (Fig. 2) . Segment 1 includes the amino acid sequence up to but not including binding region 1, and segment 2 includes binding region 1 and the amino acid To generate the TbpB N-lobe truncations, PCR mutagenesis was used to introduce a stop codon and an appropriate restriction site at the junction of the segments illustrated in Fig. 2 . Using a plasmid expressing the functional TbpB N lobe as a template, PCR amplifications were performed. The PCR products were subcloned into the pMal-c2 vector, and the sequence was confirmed. After expression, the resulting MBP fusion proteins were isolated by amylose affinity chromatography. Initial experiments showed that the smaller expressed truncations that contained binding regions 1 and 2 were degraded more quickly than the other truncations or the intact proteins during storage. In order to make more stable preparations for these truncations, a protease-deficient expression strain was used.
As illustrated in Fig. 3 , relatively pure and stable preparations of all of the truncations were isolated by amylose affinity chromatography. Each protein was electroblotted onto nitrocellulose and probed with anti-M. catarrhalis TbpA or TbpB antibodies. All the bands observed in the Coomassie blue gel reacted with the antibodies (data not shown), indicating that they were breakdown products of the fusion protein and not (Fig. 2) did not yield detectable binding activity in solidphase binding assays with the colorimetric substrate chloronaphthol (data not shown). In addition, when the truncations were probed with labeled hTf after SDS-polyacrylamide gel electrophoresis and electroblotting, even the larger truncated proteins were not detected, similar to what was observed for TbpB from N. meningitidis (40) . Identification of hTf-binding peptides with TbpB N-lobe truncations. The lack of binding to hTf by some of the TbpB truncations in the screening solid-phase binding assay could have been attributed to many factors, including the sensitivity of the colorimetric detection or constraints imposed by immobilization of the protein on the cellulose. Thus, we decided to include them for probing the overlapping peptide library of hTf, since the format of this assay may permit the detection of binding activity for these truncations.
To provide a potentially more sensitive means of detection that would not compromise the life span of the peptide libraries, HRP conjugates of the fusion proteins and a chemiluminescence system for detecting binding activity were used. A 15-residue overlapping peptide library representing the C-terminal half of hTf with an 11-amino-acid overlap was prepared. This library is essentially identical to the library used in a prior study (35) , and the intact N lobe of M. catarrhalis TbpB recognized an almost identical set of peptides (segments 1 to 7; Table 2 ).
The truncation lacking segment 7 bound all of the peptides except the one localized to the C-terminal tail region of hTf (20; cyan), suggesting that segment 7 was responsible for binding to the C-terminal tail region (segments 1 to 6; Table 2 ). The truncation lacking both segment 6 and segment 7 (segments 1 to 5; Table 2 ) lost reactivity to an additional peptide localized to domain 2 (16; yellow). Although this peptide is quite distant from peptide 20 in the linear amino acid sequence, it is immediately adjacent on the surface of hTf (Fig. 4) (35) . Since the binding peptides from segments 6 and 7 are fairly close in the linear amino acid sequence of TbpB (Fig. 2) , the implication that they bind adjacent regions on the hTf surface seems reasonable.
The results obtained with the subsequent three truncations followed a pattern similar to that observed with the first two truncations; the removal of an additional segment of TbpB resulted in the loss of binding to a peptide that maps to an adjacent position on the hTf surface. Thus, the truncation containing segments 1 to 4 lost reactivity to peptide 13 (blue), the truncation containing segments 1 to 3 lost reactivity to peptide 12 (green), and the truncation containing segments 1 and 2 lost reactivity to peptides 14 and 15 (red). The binding peptides from these segments of TbpB are fairly close in the linear amino acid sequence and map to adjacent regions on the surface of domain 2 of the hTf C lobe.
The final truncation (segment 1; Table 2 ) removed a segment containing over 140 amino acids between the binding peptides identified in the TbpB library (Fig. 2) . This truncation resulted in the loss of binding to two peptides that map to the surface of domain 1 (peptides 18 and 19; brown), relatively close to the prior peptides (14 and 15; red) on the surface of domain 2 in the iron-loaded form of hTf. However, these two regions would be substantially further apart in the apoprotein, in which there is considerable separation of the two domains. 8 kDa) ; S1 3 S2, segments 1 and 2 (66.8 kDa); S1 3 S3, segments 1, 2, and 3 (70.0 kDa); S1 3 S4, segments 1, 2, 3, and 4 (72.4 kDa); S1 3 S5, segments 1, 2, 3, 4, and 5 (78.0 kDa); S1 3 S6, segments 1, 2, 3, 4, 5, and 6 (80.4 kDa); N-Lobe, entire N lobe of TbpB (segments 1 to 7) (88.2 kDa). All proteins contain both the TbpB segment and the 39.6-kDa MBP fusion partner. 
a Fusion proteins containing the indicated segments of the M. catarrhalis TbpB N lobe were conjugated to HRP and used to probe an overlapping peptide library representing the C lobe of hTf. The sequences of positive binding peptides and their locations are indicated.
b Peptide number and color refer to the numbering and color scheme used in a prior illustration of the binding regions (35) . c Segments are as detailed in Fig. 2 . ϩ, binding; Ϫ, no binding. 
DISCUSSION
There is considerable cumulative evidence supporting the use of TbpB as a vaccine antigen against organisms such as the human pathogens N. meningitidis (23) , M. catarrhalis (27) , and Haemophilus influenzae (41) , the bovine pathogen Mannheimia (Pasteurella) haemolytica (30) , and the porcine pathogen Actinobacillus pleuropneumoniae (7) . As with many surface antigens, there can be considerable antigenic variation in TbpB proteins, a fact which complicates the process of vaccine development and could ultimately limit the life span of any products that are developed (36) . Evidence supporting the concept of a conserved Tf-TbpB interaction suggests that it may be possible to target conserved functional domains (35) . Further studies delineating the details of this interaction are required to explore this possibility and to provide additional insights into the iron removal process.
Since a previous study (35) had tentatively identified six or more TbpB-binding peptides on each lobe of hTf, we attempted to identify the complementary hTf-binding regions on TbpB proteins from M. catarrhalis. Our results with overlapping peptide libraries representing the N lobe of TbpB from M. catarrhalis implicated six distinct hTf-binding regions ( Fig. 1 and Table 1 ). The subsequent analysis with truncated proteins (Table 2) provided independent confirmation that the defined segments (Fig. 2 ) contained binding determinants and thus supported the identification of these six hTf-binding regions in the M. catarrhalis library.
Prior studies with overlapping peptides libraries of TbpB proteins from A. pleuropneumoniae (38) and N. meningitidis (33) led to the identification of a smaller number of Tf-binding peptides. Three Tf-binding peptides were identified in the A. pleuropneumoniae TbpB N lobe, and seven peptides were identified as positive in a library representing the intact TbpB from N. meningitidis, two from the N lobe and five from the C lobe. Since recombinant TbpB (or its individual lobes) from N. meningitidis recognized the same set of hTf peptides as TbpB from M. catarrhalis (35) , it follows that the N lobe of TbpB from N. meningitidis must also have six or more hTf-binding regions. A variety of factors might have contributed to the identification of a smaller number of binding peptides, such as the sensitivity of the detection method or the specific amino acid sequence of the peptide not favoring the formation of a required binding conformation. However, it is certainly possible that the expectation of a relatively small number of positive binding peptides would lead an investigator to assume that weakly binding peptides (Fig. 1 ) are due to nonspecific interactions and thus to underestimate the number of positive binding peptides. The complementary data that we provide in this study and the results of the truncation analysis provide strong evidence that all six binding peptides are authentic and compensate for any deficiencies in the intensities of the detection methods.
One limitation of synthetic peptide libraries is the lack of specific criteria for deciding whether a detected binding activity is genuine or is due to nonspecific interactions. This factor may be partially responsible for their primary use in identifying peptide epitopes recognized by antibodies (8, 14) , since a small number of peptides representing a single epitope are usually identified and the antibody-binding pocket may provide the opportunity for an induced fit to contribute to the strength of the binding interaction. In this study, we demonstrated the utility of overlapping synthetic peptide libraries in characterizing the extensive set of peptide-peptide interactions between Tf and the bacterial binding protein TbpB. Our results may also suggest that, in spite of the potential limitations, this approach could be used more extensively for the study of protein-protein interactions. It is noteworthy to mention that due to the number of sites involved in the interaction (34, 35) , alternative approaches, such as the use of chimeric proteins or site-directed mutagenesis, would not have been able to yield such detailed information.
One strategy for facilitating the identification of binding peptides was the synthesis of relatively long peptides (15 amino acids), based on the rationale that they might be able to more readily provide secondary structures required for effective binding. The fact that several of the binding regions were identified by a single peptide (segments 1, 2, and 4; Table 1 ) despite considerable overlap (11 of 15) indicates that the presence of a specific amino acid sequence is not sufficient to mediate binding and that other factors, such as the ability to attain an appropriate secondary structure, may be important (25, 39) . Similarly, some of the stronger binding peptides detected in the hTf library (peptides 13, 15, and 20; Table 2 ) formed an alpha helix in the intact hTF protein (data not shown), and the peptides were long enough to encompass the entire alpha-helical region (35) . The adjacent peptides in the library that showed little or no binding did not include the complete helix. However, the use of longer peptides cannot overcome a primary limitation of peptide libraries, the inability to represent conformational epitopes comprising amino acids from distant positions along the polypetide sequence. Thus, we must consider the possibility that the TbpB-Tf interactions could be much more extensive than our results suggest.
A drawback of using longer peptides is that they do not provide a very precise localization of the binding determinant. A smaller binding determinant can be inferred when several adjacent peptides are positive for binding (segments 3, 5, and 6; Table 1 ) but not when adjacent peptides are negative (segments 1, 2, and 4). The use of random or systematic changes to each Tf-binding peptide in the TbpB N lobe to further delineate the binding interaction is possible, but without structural information as a guide, the number of possible combinations is large. Further insights into the binding interaction will be facilitated when structural information becomes available for TbpB or, preferably, for a Tf-TbpB complex.
Our results illustrate that most of the binding determinants cluster in a region near the C-terminal end of the N lobe of TbpB, similar to what was observed for the regions of sequence identity found by Retzer et al. (35) . These previously identified regions are shown in italic type in Fig. 2 . However, it is apparent that, with some exceptions, the binding peptides and the regions of identity are distinct from one another. This fact indicates that the regions of identity are not directly responsible for the binding interactions and likely play an alternate role, possibly structural.
The structure of hTf (Fig. 4) provides some insights into the overall structural features of TbpB when considered in conjunction with the results from the analysis with the TbpB Nlobe truncations ( Table 2 ). The TbpB-binding peptides on hTf that are recognized by binding regions 3, 4, and 5 (on segments 4, 5, and 6) of TbpB (Table 2 ) are approximately 10 to 15 Å apart on the surface of hTf (green, blue, and yellow) (Fig. 4) . The hTf-binding determinants on these segments are separated by approximately 20 amino acids in the linear amino acid sequence of TbpB (Fig. 2) . Although this fact does not implicate a specific secondary structure in this region of the protein, the spatial constraints enable us to exclude some structural models.
The TbpB-binding peptide on hTf that is recognized by binding sites on segment 3 (red) of TbpB (Table 2 ) is approximately 22 Å away from the segment 2 (brown) TbpB-binding peptide on the surface of hTf (Fig. 4) . However, the red binding region on hTf is part of domain 2 and the brown binding region is part of domain 1, and the separation of these two regions would be substantially increased in the apoprotein form of hTf. In this context, it is interesting that there are 135 amino acids in the linear sequence of the N lobe of TbpB that separate these two binding segments (Fig. 2) . It is tempting to speculate that this "extra" length attributed to TbpB may allow the two domains to separate when the TbpA-TbpB complex removes the iron from hTf.
This study details the interaction between the M. catarrhalis TbpB N lobe and the C lobe of hTf. In a prior study, the TbpB N lobe and the TbpB C lobe from N. meningitidis recognized an identical set of peptides in an overlapping peptide library representing hTf (35) , suggesting that the lobe-lobe interactions were equivalent. Thus, it is anticipated that there are at least six hTf-binding determinants in each lobe of TbpB from N. meningitidis and, by inference, in each TbpB lobe from M. catarrhalis. Experimental evidence supporting the peptide-peptide interactions could presumably be obtained by implementing similar studies with the N. meningitidis TbpB lobes and with the M. catarrhalis TbpB C lobe. However, M. catarrhalis TbpB and TbpB N lobe were specifically selected for their stability and strength of binding activity, and it is uncertain whether weaker binding activity, particularly of the TbpB C lobe (35) , would compromise the success of these studies.
In the current study, we used overlapping peptide libraries to identify peptide-peptide interactions between a bacterial receptor and its ligand, hTf. Refinements of this approach could lead to a more detailed understanding of the specific amino acids involved in the molecular interactions between receptor and ligand. However, a full appreciation of the structural aspects of these interactions awaits results from biophysical approaches, such as X-ray crystallography, in which the structure of a ligand-receptor complex would be particularly informative. Table 2 . The model was created as described previously (35) . The model was then manipulated by using Swiss-PDB Viewer (version 3.7 b2) (http://www.expasy.ch/spdbv/) (16 
